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Hydrogenated amorphous Si (α-Si:H) is a promising material for photovoltaic applications due to its low cost, 
high abundance, long lifetime, and non-toxicity. We demonstrate a device designed to investigate the effect   
of nanostructured back reflectors on quantum efficiency in photovoltaic devices. We adopt a superstrate 
configuration so that we may use conventional industrial light trapping strategies for thin film solar cells as a 
reference for comparison. We controlled the nanostructure parameters via a wafer-scale self-assembly technique 
and systematically studied the relation between nanostructure size and photocurrent generation. The gain/loss 
transition at short wavelengths showed red-shifts with decreasing nanostructure scale. In the infrared region 
the nanostructured back reflector shows large photocurrent enhancement with a modified feature scale. This 
device geometry is a useful archetype for investigating absorption enhancement by nanostructures. 
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Solar technology is a leading candidate for clean 
energy production. Silicon is an ideal material for 
photovoltaic (PV) applications due to its low toxicity, 
high abundance, long term stability, and well- 
developed processing technologies. Crystalline Si 
solar cells currently dominate the photovoltaic market 
despite requiring more material and more intense 
manufacturing processes than their thin film coun- 
terparts. Thin film technologies such as those based 
on cadmium telluride (CdTe), copper indium gallium 
diselenide (CIGS), and hydrogenated amorphous 
silicon (α-Si:H) require less material with active layer 
thicknesses of approximately 1–2 μm. Although α-Si:H 
provides the advantage of lower material costs than 
crystalline silicon, the thin layers do not absorb light 
effectively, resulting in poor cell performance. Because 
the material is amorphous there are many defects, 
which result in a small minority carrier diffusion 
length. If a film of active material with a thickness 
approximately equal to the minority carrier diffusion 
length could be made to absorb all of the light, the 
open-circuit voltage (Voc), short-circuit current (Jsc), 
and fill factor (FF) of the device would be greater than  
that of a thicker cell.  
Many approaches have been proposed to reduce 
the mismatch between ideal electrical and optical 
thicknesses, including anti-reflection coatings (ARCs) 
and surface textures on the fronts or backs of the cells. 
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ARCs do not provide transmittance over the entire 
solar spectrum. Conventional texturing with feature 
sizes of 2–10 μm for crystalline Si cells is not suitable 
for thin film cells with thicknesses in the micron range 
[1–3]. Several strategies have been proposed to address 
these issues, such as incorporating random nano-scale 
surface texturing [4–6] and utilizing plasmon resonance  
to enhance absorption [7–10]. 
Several studies have demonstrated highly absorp- 
tive periodic nanostructured solar cells [11–15]. A 
different light-trapping strategy, which may not cause 
recombination losses in thin film solar cells, is to 
incorporate metal nanoparticles into the active layer 
to enhance light scattering, effectively lengthening the 
optical path length [7–9]. Localized surface plasmons 
are collective oscillations of the conduction electrons 
in metal nanoparticles. Movement of the conduction 
electrons upon excitation with incident light results 
in a buildup of oscillating dipoles on the particle 
surface, allowing for resonance at specific wavelengths. 
For off-resonant wavelengths, absorption is suppressed 
leading to enhancement in the scattering cross-section. 
In a thin film, this scattering enhancement can result 
in an increase in absorption in the surrounding material. 
Use of plasmon resonance has led to photocurrent 
enhancement at specific wavelengths and overall device 
power efficiencies of 8%, 8.3%, and 40% in GaAs [16], 
α-Si [17], and organic photovoltaics [18] respectively. 
Earlier work has demonstrated light scattering from 
metal particles of various shapes, sizes, materials, and 
dielectric environments, and suggested design rules 
for particle-enhanced solar cells [19]. Most strategies 
have focused on placing metal particles on the front 
of the cells, which can lead to strong absorption 
losses near the resonant frequencies of the particles. 
A variety of device geometries have been proposed to 
address this issue, such as locating nanoparticles at 
the rear of the device or depositing the active layer 
on a patterned back reflector [11, 12, 20, 21]. These 
strategies eliminate the transmittance losses associated 
with having scatterers at the front of the cells while 
still promoting scattering events. However, the 
experimental influence of a periodically patterned  
back reflector is still unclear.  
In this work, we chose the superstrate configuration 
so that conventional industry standards could be 
used as controls. We compared our devices to com- 
mercially available devices, which use textured 
fluorine doped tin oxide (FTO) as both an ARC and 
an electrode. We performed absorption and external 
quantum efficiency (EQE) measurements to confirm 
that absorption enhancement resulted in photocurrent 
enhancement. By synthesizing and patterning uniform 
nanoparticles, we also investigated the dependence 
of absorption on the shape, size, and feature-density  
of the nanostructured back reflectors. 
2. Experimental 
Figure 1 illustrates the fabrication process and a 
typical geometry used in these studies. 310 nm α-Si:H 
p–i–n structures (p–i–n 10 nm–280 nm–20 nm) were 
fabricated by plasma enhanced chemical vapor 
deposition on FTO glass. A 10 nm layer of indium tin 
oxide (ITO) was sputtered by radio frequency (RF) 
sputtering with a 5 mm × 5 mm device area defined 
by a metal shadow mask. Controlled sizes of silicon 
dioxide particles were deposited via the Langmuir– 
Blodgett method, as described in our previous work 
[14]. In order to study the influence of particle para- 
meters on the optical properties, several different 
silica particles were employed in this study. Reactive 
ion etching with a mixture of sulfur hexafluoride (SF6) 
and chlorodifluoromethane (CHClF2) was performed 
to in order to control the particle shapes and density,  
and the spacing between particles. 
Because of the etching process, particles changed 
from spheres to hemispheres to disks, as shown in 
Figs. 2(a) and 2(d). 300 nm Ag was deposited by direct 
current (DC) sputtering, which acted as both a back 
reflector and a back contact. Figs. 2(b) and 2(c) show 
top views of the devices after Ag metallization, with  
the corresponding silica features in Figs. 2(e) and 2(f). 
3. Results and discussion 
We investigated the effects of six different nano- 
structures on the quantum efficiencies of α-Si cells. 
Figures of merit for all devices are shown in Table 1. 
The nanostructures used included medium spherical 
nanostructures (Ms), medium hemispherical nano- 
structures (Mh), medium disk nanostructures (Md),  




Figure 2 SEM images of (a) spherical SiO2 nanoparticles (d) 
hemispherical SiO2 nanoparticles, 45° tilted. Top view of (b) 
spherical SiO2 nanoparticles (c) disk SiO2 nanoparticles. (e, f) after 
metallization corresponding to (b) and (c) 
Table 1 Details of the device parameters and wavelengths of EQE 
gain/loss transitions 





Ms Sphere 515 437 525 
Mh Hemisphere 515 225 545 
Md Disk 515 161 570 
Ss Sphere 327 268 530 
Sh Hemisphere 327 268 555 
Sd Disk 327 226 560 
 
small spherical nanostructures (Ss), small hemispherical 
nanostructures (Sh), and small disk nanostructures (Sd). 
Ms–h refers to the transition state between medium 
spherical and hemispherical nanostructures. The 
external quantum efficiencies and absorption spectra 
of cells made with nanostructures of various geometries 
and a constant periodicity of 550 nm are shown in 
Figs. 3 and 4(a). While the nanostructured cells showed 
enhanced photocurrent response compared to the 
reference cell at shorter wavelengths, all of the cells 
had decreased photocurrent responses at wavelengths 
longer than approximately 550 nm. The quantum 
efficiency spectra could be tuned by tweaking the  
 
Figure 1 Fabrication process of nanostructured thin film solar cells. (a, b) 310 nm α-Si:H p–i–n structures (p–i–n 10 nm–280 nm–20 nm)
and a 10 nm layer of indium tin oxide (ITO) were deposited on fluorine doped tin oxide (FTO) glass in sequence. (c) A monolayer of
silicon dioxide particles was deposited by the Langmuir–Blodgett method and (d) reactive ion etching was performed to reduce particle
dimensions and followed by deposition of a layer of 300 nm Ag. (e) Scanning electron microscope (SEM) cross section of the as-made
device, Ms 
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parameters of the nanostructure. For instance, the 
photocurrent gain/loss transitions occurred at 525 nm, 
530 nm, 545 nm, and 570 nm for Ms, Ms–h, Mh, and Md 
respectively. Photocurrent enhancements before the 
gain/loss transition at shorter wavelengths were 3.15%, 
3.50%, 4.21%, and 4.96%. Interestingly, the short- 
wavelength gain/loss transitions showed red-shifts 
with increasing ratio of annular cross-sectional area of 
Ag to total cross-sectional area of SiO2, with the same 
periodicity, for both the medium (M) and small (S) 
series. The same trend was also observed in the absorp- 
tion spectra. This result indicates that nanostructures 
enhance scattering at shorter wavelengths. The effects 
of nanostructure shape on quantum efficiency are  
 
Figure 3 External quantum efficiencies of devices (a) Ms, (b) Ms–h, (c) Mh, and (d) Md, and (e) EQEs of M-series devices normalized
by the EQE of the reference cell. The inserted illustrations show the interfaces between silicon dioxide particles, α-Si:H, and Ag 
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less clear since the etching process changes not only 
the shapes but also the diameters of nanostructures. 
Though both Ss and Sh had similar dimensions, they 
showed red-shifts, at 530 nm and 555 nm respectively. 
Sh showed an 82% increase in photocurrent over Ss  
in this range, indicating that hemispherical dielectric 
nanomaterials scatter more efficiently than spherical 
ones at shorter wavelengths. Though strong absorption 
enhancement was obtained, particularly at long 
wavelengths, reduction of photocurrent generation 
occurred at approximately 530 nm in each case. This 
suggests that the additional absorption observed at 
this wavelength may be due to absorption in small 
Ag islands, or is occurring very close to the Si surface 
and not in the active region of the cell. Additionally, it 
is possible that incident light is wave guided through 
total internal reflection at the interfaces in α-Si/air/SiO2 
and eventually is absorbed by surrounding Ag islands. 
After performing etching to tune particle size and 
shapes, absorption losses from the patterned back 
reflector were dramatically reduced. The materials 
loss characterization can be found in Fig. 4(b). To 
investigate the photocurrent response at long wave- 
lengths, the external quantum efficiencies of the 
nanoparticle-patterned cells were normalized by that 
of the reference cell, as shown in Fig. 3(e). Photo- 
current enhancement in the active layer at long 
wavelengths can be primarily ascribed to light trapping 
provided by the nanostructured back reflector 
scattering incident light back into the substrate. As 
Fig. 4(b) indicates, in addition to enhancing absorption  
in the active layer of the cell, the nanostructure also 
enhances parasitic absorption in the silver electrode. 
At wavelengths between 810 nm and 900 nm Ms and 
Ms–h show 14-fold enhancement, while others show 
reduction of photocurrent generation, even at long 
wavelengths. This reduction may be due to damage to 
the α-Si during the long etching process. Because etching 
can damage α-Si, there is a tradeoff between creating 
the optimal nanostructure shape for efficient scattering  
and preserving the electrical properties of the cell. 
4. Conclusion 
We have shown that by incorporating metal nano- 
structured back reflectors, we can tune the localized 
surface plasmon enhanced absorption at both shorter 
and longer wavelengths by varying the shapes, feature 
sizes, and periodicities of the nanostructures. The cell 
design is not optimal for overall photocurrent enhan- 
cement; the nanostructured back reflector itself exhibits 
significant absorption loss across the whole spectrum, 
absorbing 30% of incident light even at long wave- 
length, as shown in Fig. 4(b). EQE is enhanced and 
suppressed at short and long wavelengths respectively. 
For short wavelengths, EQE is improved, since the 
scattering of the nanostructured silver substrate helps 
to lengthen the optical path, enhancing absorption. 
EQE suppression at long wavelengths may be due to 
the fact that—at these wavelengths—absorption in 
the nanostructured back reflector is much stronger 
than absorption in the α-Si. Scattering centers, even at 
 
Figure 4 (a) The absorption spectra of M-series devices. (b) The absorption spectra of nanostructured back reflectors without absorber
layers (absorption loss) 
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the back of the substrate, may not always improve 
the efficiency, particularly in the case that the scatterers 
are very lossy. However, this work serves as a guide 
to improve device geometry for absorption over the  
entire spectrum via enhanced scattering. 
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